The plant defense response to 
on a given host are said to be avirulent on that host, the host is said to be resistant, and the plant-pathogen interaction is said to be incompatible. In contrast, strains that proliferate and cause disease on a particular host are said to be virulent; in this case, the host is said to be susceptible, and the plant-pathogen interaction is said to be compatible. In many cases in which a series of strains (races) of a particular pathogen are either virulent or avirulent on a series of cultivars (or different wild accessions) of a particular host species, genetic analysis has revealed a gene-for-gene correspondence between pathogen avirulence (avr) genes and host "resistance" genes (2) . In other words, a plant carrying a particular resistance gene will be resistant to pathogens carrying the corresponding avr gene. A simple explanation for this gene-for-gene correspondence is that avr genes generate signals for which resistance genes encode the cognate receptors. A signal transduction pathway then carries the avr-generated signal to a set of target genes, which initiates the HR and other host defenses (1, 3, 4) .
A variety of avr genes have been cloned from bacterial and fungal phytopathogens (4) and, in at least two cases, gene-forgene interactions have been demonstrated at the molecular level by demonstrating that a purified avr-generated signal molecule will elicit a HR. In the best documented case, two avr genes from the tomato fungal pathogen Cladosporium fulvum, avr9 and avr4, were shown to encode precursors of elicitor peptides. Purified avr9 and avr4 peptides specifically elicit a HR in tomato plants that harbor the corresponding resistance genes, Cf9 and Cf4, respectively (5, 6) . The only example of a bacterial avr gene where the avr-generated signal has been identified is the Pseudomonas syringae pv. glycinea avrD locus, which encodes biosynthetic enzymes involved in the synthesis of specific syringolides that elicit a HR in soybean cultivars carrying the resistance gene Rpg4 (4, 7) . In the case of tobacco mosaic virus, the viral-encoded coat protein appears to function as a specific elicitor that activates a HR in Nicotiana sylvestris cultivars that carry the N' resistance gene (8, 9) .
Until recently, the only cloned resistance gene that is demonstrably involved in a gene-for-gene relationship was the tomato PTO gene (10) . The PTO-encoded protein, which corresponds to the P. syringae avrPto gene, consists almost entirely of a serine/threonine kinase domain. Although the structure of PTO protein suggests involvement of protein phosphorylation in the signal transduction pathway leading to resistance responses, it is not known whether this PTO kinase also serves as the primary receptor for an avrPto-generated signal. As (20 ,g ) seeds, and the small (100 Mb) genome of Arabidopsis facilitate the use of genetic strategies to identify defense-related mutants and the use of gene tagging or map-based positional cloning strategies to isolate the corresponding genes.
Significant progress has been made in establishingArabidopsis pathogenesis models for a variety of bacterial, fungal, and viral pathogens (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) . In addition, an Arabidopsis phytoalexin has been identified that is toxic to both bacteria and fungi (27) and a variety of Arabidopsis pathogen-induced genes have been identified for use in monitoring theArabidopsis defense response. Arabidopsis pathogen-induced genes include ones corresponding to tobacco pathogenesis-related (PR) proteins and to parsley elicitor-induced (ELI) cDNAs (13, (30) (31) (32) (33) (34) (35) (36) , PALI syringae expressing a particular avirulence gene (42) . In this case, we have cloned the identified resistance gene by using a map-based chromosomal walking strategy (43) . Second (14) (15) (16) 29) . We have shown that the virulent bacterial pathogen P. syringae pv. maculicola (Psm) ES4326 proliferates extensively in Arabidopsis leaves and causes the development of disease symptoms (14, 16) . In contrast, Psm ES4326 expressing the avr gene avrRpt2, cloned from a different P. syringae strain (16, 29) , elicits a HR and grows only 1% as much inArabidopsis leaves as Psm ES4326 not expressing avrRpt2. The Arabidopsis resistance gene RPS2 corresponding to avrRpt2 was identified by screening forArabidopsis mutants that failed to mount a resistance response when infected with Psm ES4326/avrRpt2 (42, 45) . Naturally occurring rps2 mutant alleles in various Arabidopsis ecotypes have also been identified (45, 46) . Fig. 1 (Fig. 1D) (Fig. 1G ). Fig. 1F (42) . Subsequent genetic analysis showed that this plant, rps2-102C, carried a mutation at the RPS2 locus (42) .
An interesting phenotype of all of the rps2 mutant alleles studied to date is that they are incompletely recessive with respect to wild-type alleles (42, 45, 46 Fig. 2A) (42, 43) . Coincidentally, as described in a recent publication (48) , the Arabidopsis ABI1 gene was also found to be similarly situated with respect to PG11. To clone the ABI1 gene, a set of overlapping cosmid clones that span ABI1 had been identified, starting from and extending -200 kb to the centromeric side of PG11. J. Leung and J. Giraudat, Centre National de la Recherche Scientifique (CNRS), Gif-SurYvette, France, kindly provided us with this set of cosmid clones and as illustrated in Fig. 2 B and C, additional RFLP analysis showed that RPS2 maps to a 28-to 35-kb region within the 200-kb region that also contains ABI1.
To identify the RPS2 gene within the 35-kb region to which it had been mapped, transcripts encoded within this region were cloned and sequenced and then compared to the corresponding sequences from four different rps2 mutants (43) . Specifically, six groups of cDNA clones encoded within the 35-kb region were identified as illustrated in Fig. 2D . Because mutations that alter the amino acid sequence were found in the transcripts corresponding to cDNA 2 from all four rps2 mutant plants, we concluded that RPS2 is the gene corresponding to this cDNA. The gene corresponding to cDNA 1 was recently identified as ABI1 (48, 49) . DNA blot analysis under lowstringency hybridization conditions suggested that RPS2 is a single copy gene but that there may be several RPS2-related genes in Arabidopsis (43) .
To verify that the gene identified as RPS2 by DNA sequence analysis corresponds to the RPS2 gene defined by genetic analysis, we carried out two types of genetic complementation analysis (43 (Fig. 2D) did not complement.
We also carried out traditional genetic complementation analysis with rps2 mutant plants used as recipients for a 5.9-kb Sma I/Sac I DNA fragment (thick line in Fig. 2C) (61) . Similarly, two tomato genes in addition to the resistance gene Cf9 appear to be involved in the recognition of the fungal elicitor peptide encoded by the C. fulvum avr9 gene (62) . Finally, two additional genes are required for Mlal2-specified race-specific resistance to powdery mildew in barley (63) . It (65) . In many plant-pathogen systems, phytoalexins accumulate rapidly in response to avirulent pathogen races but not in response to virulent ones (1, 65) . Introduction of a gene encoding stilbene synthase, a phytoalexin biosynthetic enzyme from grape, into tobacco conferred increased resistance against a fungal pathogen of tobacco (66) . In contrast, recent work from the VanEtten laboratory (H. VanEtten, personal communication) has shown that mutants of Nectria hematococca that have lost the ability to detoxify the pea phytoalexin pisatin remain virulent but cause somewhat smaller disease lesions than wild-type fungi.
Arabidopsis produces a phytoalexin with the structure of 3-thiazole-2-yl-indole (27) . This compound is commonly referred to as camalexin, because it was first identified as a phytoalexin produced by Camelina sativa (67) . Camalexin appears to be the only phytoalexin that is produced in signif-N H Structure I icant quantities byArabidopsis (27) . Infection of Arabidopsis by avirulent P. syringae bacteria induced camalexin biosynthesis, while infection by unrelated virulent Xanthomonas campestris bacteria did not (27) . Camalexin was shown to inhibit the growth of a phytopathogenic fungus, Cladosporium cucumerium, and P. syringae in vitro (27) .
In our laboratory, the question of the role of camalexin in combating phytopathogens was approached by removing camalexin from the Arabidopsis-P. syringae interaction by genetic mutation and analyzing the effect on pathogen growth. In principle, camalexin could be important in rendering Arabi DC3000 , both the severity of symptoms and the maximum density of bacteria within the leaves depend on the concentration of the initial inoculum. When the initial inoculum is low, symptoms are less severe and maximum bacterial density is lower than when the initial inoculum is high (Fig. 4) . This demonstrates thatArabidopsis is restricting the growth of these virulent strains, since, if it were not, the density of the bacteria would depend on only the capacity of leaves and not the inoculum concentration.
We examined the induction of camalexin by infection of Arabidopsis with various P. syringae strains (44 (44) . Complementation testing showed that they define three different genes, suggesting that additional pad loci remain to be identified. The CAPS mapping technique (68) was used to place the pad mutations on theArabidopsis genetic map (44) . The data showed thatpadl and pad2 were located on chromosome IV, between markersAG and DHS, whilepad3 was located on chromosome III, between BGL2 and gl-1.
The growth of virulent strains and isogenic strains carrying cloned avirulence genes in wild-type and pad mutant plants was examined to determine whether the pad mutations caused defects in the ability of plants to resist infection by avirulent strains or to restrict the growth of virulent strains (44) . Three isogenic pairs of strains were used in order to control for effects specific to particular avirulence genes or strain backgrounds. These were Psm ES4326 and Psm ES4326/avrRpt2, Pst DC3000 and Pst DC3000/avrRpt2, and Psm ES4326 and Psm ES4326/avrRpml. A low inoculum was used in these studies so that there would be a possibility of observing deleterious effects of the pad mutations on limiting growth of virulent strains as well as strains carrying avr genes.
We found that none of the pad mutants was compromised for limiting the growth of any of the avirulent strains, strongly suggesting that camalexin is irrelevant for gene-for-gene mediated resistance in the Arabidopsis-P. syringae system (44 While our work has shown that camalexin is not required for resistance to avirulent P. syringae strains in Arabidopsis, it is still possible that camalexin will prove to be important for resistance to other avirulent pathogens. The similarity of camalexin to the commercial fungicide thiabendazole suggests that camalexin could play an important role in interactions with phytopathogenic fungi (67) . Various species of fungi are known to infect Arabidopsis, and several gene-for-gene resistance responses have been identified in these systems (17) (18) (19) 21 
